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Temperature dependent optical conductivities and DC resistivity of c-axis oriented superconducting
(Tc = 39.6 K) MgB2 films (∼ 450 nm) have been measured. The normal state ab-plane optical
conductivities can be described by the Drude model with a temperature independent Drude plasma
frequency of ωp,D = 13 600 ±100 cm
−1 or 1.68±0.01 eV. The normal state resistivity is fitted by the
Bloch-Gru¨neisen formula with an electron-phonon coupling constant λtr = 0.13± 0.02. The optical
conductivity spectra below Tc of these films suggest that MgB2 is a multi-gap superconductor.
PACS: 74.25.Gz, 74.76.Db, 74.25.Kc
The recent discovery of superconductivity in MgB2
with Tc of 39 K has generated much scientific interest [1].
As in the case of the high-Tc cuprates, debate rages as
to the mechanism of superconductivity in this material.
Initial isotope effect measurements suggested electron-
phonon coupling as the pairing mechanism for supercon-
ductivity in MgB2 [2,3]. Many theoretical studies [4–7]
since then have concluded that strong electron-phonon
coupling is responsible for the high transition tempera-
ture, with λ ∼ 1. However, other pairing mechanisms
have also been proposed, e.g. ‘dressing’ and ‘undressing’
of holes [8], acoustic plasmons [9] and the ‘filamentary’
thoery [10]. This inconclusive state of affairs is mainly
due to the lack of consensus on many important physical
quantities in MgB2. For example, the reported values for
the superconducting gap 2∆ vary from 4 meV [11] to 15
meV [12]. Infrared spectroscopy is able to measure such
quantities as the scattering rate 1/τ , the Drude plasma
frequency ωp,D and 2∆ [13]. In this work, we analyze the
optical data of MgB2 to determine the electron-phonon
coupling constant, λtr , in a similar fashion as in the op-
tical study [14] of Ba0.6K0.4BiO3 (Tc ∼ 30 K), where
λtr ∼ 0.2 was obtained experimentally.
There have been very few optical studies on MgB2 to
date. Gorshonov et al. [15] measured the reflectance of
a polycrystalline pellet using the grazing angle method
and set a lower limit of 2∆ to be 3 − 4 meV. Pronin et
al. [16] examined the complex optical conductivity of a
MgB2 thin film in the frequency range of 0.5 − 4 meV.
More recently, Jung et al. [17] carried out transmission
measurements on a c-axis oriented MgB2 film (∼ 50 nm)
with Tc ∼ 33 K and fitted the data with a gap value of
2∆(0) ∼ 5.2 meV. However, to obtain the optical con-
stants of bulk MgB2 in a wide frequency region, reflec-
tivity measurements are the preferred method.
In this Letter, temperature dependent optical conduc-
tivities and DC resistivity of c-axis oriented supercon-
ducting (Tc = 39.6 K) MgB2 films (∼ 450 nm) are re-
ported. The normal state ab-plane optical conductiv-
ities can be well described by the Drude model with
ωp,D = 13600± 100 cm
−1. Using this plasma frequency
λtr = 0.13 ± 0.02 is determined by fitting the DC resis-
tivity data. In addition, the optical conductivities in the
superconducting state exhibit complex behavior suggest-
ing that MgB2 is a multi-gap superconductor.
For this study, several c-axis oriented MgB2 films are
used: one very thin film (∼ 50 nm) similar to the
film studied by Jung et al. [17] and two thicker films
(∼ 450 nm). These high-quality c-axis oriented films
were deposited on c-cut Al2O3 substrates using a pulsed
laser deposition method as described previously [18]. X-
ray measurements showed that the MgB2 grains were
highly oriented with their c-axes normal to the substrate.
These MgB2 films have a tan appearance, similar to the
high purity MgB2 polycrystalline samples [2]. The thick
MgB2 films (∼ 450 nm) are opaque in the visible region.
The Al2O3 substrates with the MgB2 films are
mounted on an optically-black cone, and the tempera-
ture dependent reflectance is measured in a near-normal-
incidence arrangement from ∼ 30 to over 22 000 cm−1,
with the electric field parallel to the ab-plane on Bruker
IFS 66v/S and 113v spectrometers. The absolute re-
flectance is determined by evaporating a gold film in situ
in ultra-high vacuum (∼ 10−8 Torr). The details of this
technique have been described previously [19]. The opti-
cal conductivities are then determined from a Kramers-
Kronig analysis of the reflectance.
In Fig. 1(a), the temperature dependent DC sheet re-
sistance, R✷, measured by a standard four-probe tech-
nique of a MgB2 film (∼ 450 nm) is shown. The residual
resistance ratio (RRR) of R✷ at 295 K and at 40 K is
2.2. The low temperature region near Tc is given in the
insert of Fig. 1(a). The superconducting transition in
this film is extremely sharp with a transition region of
δTc < 0.1 K and a Tc of 39.6 K indicating that these
1
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FIG. 1. The DC resistivity data of a c-axis oriented MgB2
film (t ∼ 450 nm). (a) Temperature dependent R✷ (open
circles). Inset: low temperature region of R✷ near Tc; (b)
Temperature dependence of the resistivity together with a fit
to the Bloch-Gru¨neisen formula.
thick MgB2 films are of excellent quality [18].
The raw data of the optical measurements on these
MgB2 films (∼ 450 nm) are summarized in Fig. 2. The
absolute reflectance is quite high as shown in Fig. 2(a),
however, several sharp phonon features can be clearly
identified. As a comparison, the reflectance of the thin
MgB2 film (∼ 50 nm) is also measured. The two strong
infrared active TO-phonons of c-cut Al2O3 crystals at
440 and 570 cm−1 [20] can be easily observed for the
thin MgB2 film but completely absent in the reflectance
data of the thick films (∼ 450 nm), indicating that
the thick films are totally opaque. Therefore, the ab-
plane optical properties measured for these MgB2 films
(∼ 450 nm) are intrinsic. In the insert, the reflectance
data at 295 K is given for the entire frequency region:
from 30 to 22 000 cm−1. The largest possible frequency
interval is needed to carry out a reliable Kramers-Kronig
analysis. The results of such an analysis are shown as
temperature dependent σ1(ω) in Fig. 2(b) and σ2(ω) in
Fig. 2(c). Superconducting behavior can be easily iden-
tified as a drop in σ1(ω) at low frequencies below Tc.
The normal state optical conductivities of these MgB2
films are analyzed in Fig. 3. In Fig. 3(a), σ1(ω) and σ2(ω)
at 295 K are shown. Both the real and imaginary parts of
the optical conductivities at low frequencies can be well
described by the simple Drude model of the form:
σ˜(ω) = σ1 + iσ2 =
1
4pi
ω2p,Dτ
1− iωτ
, ω2p,D =
4pine2
m∗
(1)
where ωp,D is the Drude plasma frequency, 1/τ is the
scattering rate, n is the number of free-carriers per unit
volume and m∗ is the average effective mass of the oc-
cupied carrier states. The Drude model describes the
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FIG. 2. The temperature dependent ab-plane optical data
of c-axis oriented MgB2 films (t ∼ 450 nm) from 30 to 1500
cm−1. (a) The reflectance data showing sharp phonon modes.
Inset: optical reflectance spectrum for the entire frequency
region at 295 K; (b) Temperature dependent σ1(ω); (c) Tem-
perature dependent σ2(ω).
experimental data surprisingly well at 295 K. The fitting
parameters have the values ωp,D = 13 600 ± 100 cm
−1,
and 1/τ = 170± 5 cm−1. This Drude plasma frequency
of 13 600 cm−1 is quite consistent with the value obtained
from an optical study of a polycrystalline MgB2 sample
[21]. However, in addition to the Drude peak, some other
contributions to σ1(ω) are also observed in that optical
study [21]. Using the optical data, one can determine the
DC resistivity ρ = 1/σ0 to be 53 ± 2 µΩ-cm at 295 K.
Thus, the averaged thickness of this MgB2 film is de-
rived as t = ρ/R✷ = 450 ± 20 nm which agrees very
well with the typical thickness of 400 nm of these films
[18]. The DC resistivity can now be plotted as shown in
Fig. 1(b). It is interesting that the experimental Drude
plasma frequency of 1.68 eV is much smaller than the
value of ∼ 7 eV predicted by calculations of the electronic
structure in MgB2 [4–7]. These calculations usually give
values of Drude plasma frequencies that are reasonably
close to experimental values, even in highly correlated
systems like high Tc cuprates [22].
Keeping ωp,D the same, the optical conductivities at
45 K are fitted with Eq. (1). The results are given in
Fig. 3(b). Both σ1(ω) and σ2(ω) again fit well with the
Drude model with a scattering rate of 1/τ = 75±5 cm−1.
In addition, the DC resistivity at 45 K is in good agree-
ment with the zero frequency extrapolation of σ1(ω).
Therefore, the DC conductivity and real part the optical
2
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FIG. 3. The analysis of normal state ab-plane optical con-
stants of the c-axis oriented MgB2 films. (a) Frequency de-
pendent optical conductivities: σ1(ω) and σ2(ω) at 295 K
with the Drude fits; (b) Frequency dependent optical conduc-
tivities at 45 K; (c) Frequency dependent effective mass ratio
for T> Tc.
conductivity are in excellent agreement.
From the ab-plane optical data, one can calculate the
frequency dependent electron-phonon coupling constant
λ(ω) in the extended Drude formalism [23]:
m∗eff (ω)
m∗
= 1 + λ(ω) =
1
4pi
ω2p
ω
Im
[
1
σ˜(ω)
]
, (2)
where ωp is the total plasma frequency of free ab-plane
carriers. The purpose of casting the optical data in the
extended Drude form is to account for the small devia-
tions from the simple Drude model by using a frequency
dependent scattering rate 1/τ(ω). The result of this anal-
ysis is shown in Fig. 3(c). The value of λ(ω) derived op-
tically varies from 0 to about 0.2 in the optical phonon
region, where ωp = 14 750±150 cm
−1 is derived from the
conductivity sum rule. The value of ωp is slightly larger
than ωp,D due to the fact that the sum rule captures
addtional spectral weight in the high frequency region.
The electron-phonon coupling constant λtr is tradition-
ally determined from the temperature dependent DC re-
sistivity using the Bloch-Gru¨neisen formula
ρ(T ) = ρ0 + λtr
4pi
ω2p,D
128pi(kBT )
5
(kBΘD)4
∫ ΘD
2T
0
x5
sinh2 x
dx, (3)
with three parameters: ρ0 - the residual resistivity at
T = 0; ΘD - the Debye temperature and λtr. A non-
linear least squares fit to the resistivity data with the
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FIG. 4. The analysis of superconducting state ab-plane op-
tical constants of the c-axis MgB2 films. (a) Temperature
dependent σ1(ω) (thick lines) with the BCS fits; (b) Temper-
ature dependent σ2(ω) with the BCS fits; (c) Temperature
dependent σ1(ω) showing four Γ-point phonons. The spectra
corresponding to different temperatures are offset for clarity.
Eq. (3) is given in Fig. 1(b) using ωp,D = 1.68± 0.01 eV.
The experimental curve and the theoretical fit agree quite
well with the fitting parameters: ρ0 = 24.3± 0.3 µΩ-cm;
ΘD = 950 ± 100 K and λtr = 0.13 ± 0.02. The value
ΘD = 950± 100 K is consistent with the experimentally
measured value that varies from 800 K [24] to 1050 K
[25]. However, λtr = 0.13 ± 0.02 is significantly smaller
than most theoretical predictions of λ ∼ 1 [4–7] in MgB2.
The optical conductivities of these MgB2 films in the
superconducting state are examined in Fig. 4. The su-
perfluid plasma frequency is found to be ωp,S = 7300±50
cm−1 at 6 K from the Ferrel-Glover-Tinkham sum rule.
However, the optical spectra below Tc cannot be fitted
by the BCS model using a single isotropic gap. Theoret-
ical curves at 30 K and 6 K generated with a BCS model
[26] are shown in Figs. 4(a) and 4(b). The parameters
used are: 2∆ = 65 cm−1 and 1/τ = 75 cm−1. There are
significant deviations between the experimental data and
the BCS calculations. However, from our optical data the
upper and lower limits of the superconducting gap can
be estimated: 5 meV < 2∆x < 15 meV. The complex
gap behavior observed in our optical conductivity data
in the superconducting state adds support to the sugges-
tion that MgB2 is a multi-gap superconductor [5,12,25].
Four sharp phonon peaks can be identified in σ1(ω)
as shown in Fig. 4(c) that can be assigned to Γ-point
optical phonons in MgB2 [4]. The two strong phonon
3
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peaks marked as A and B are the two infrared active lat-
tice modes: at 380 cm−1 (E1u) and at 480 cm
−1 (A2u).
Their relatively large oscillator strengths are the conse-
quence of the low plasma frequency in MgB2. Two weak
phonon peaks marked as C and D at 510 cm−1 and 630
cm−1 are tentatively assigned as the Raman active E2g
mode and the silent B1g mode according to the phonon
calculations [4]. These two phonons with even symmetry
become infrared active because of the lattice imperfec-
tions in the films. Alternatively, several Raman studies
[27] on MgB2 have assigned a very broad band centered
at 620 cm−1 as the E2g mode. In addition, three broad
features are also observed at 160, 880 and 1240 cm−1 in
σ1(ω). The resolution of this optical study is 4 cm
−1 in
the phonon region, and none of the four sharp phonon
modes exhibit detectable changes in either their intensi-
ties, peak positions, or line-widths going through Tc.
The surprising aspect of our results is the small value
of λtr = 0.13 derived from both the DC resistivity and
optical conductivity measurements. A simple applica-
tion of McMillan formula [28] with λ ∼= λtr = 0.13 will
give Tc < 1 K. However, there are several reasons why
the BCS theory should not be abandoned right way for
MgB2: 1) the superconducting gap in MgB2 has unusual
properties. Gap anisotropy including dimensional effects
[29] modifies Tc relative to the McMillan formula; 2)
the λ value that goes into the McMillan formula can
differ somewhat with respect to λtr [30]; 3) c-axis op-
tical and transport properties should be experimentally
studied. On the other hand, given the small value of
λtr = 0.13 alternative mechanisms of superconductivity
in MgB2 should be examined both experimentally and
theoretically. It is interesting to note that many of the
optical constants in MgB2 are quite similar to those in
Ba0.6K0.4BiO3 [14], e.g. the scattering rate, the Drude
plasma frequency, and particularly the small value of λtr.
A common mechanismmight be responsible for supercon-
ductivity in both systems. In addition, having a small
free-carrier plasma frequency (< 3 eV) seems to be an
universal characteristic shared by almost all supercon-
ductors with a Tc > 30 K.
In conclusion, we have measured optical conductivi-
ties and DC resistivity of c-axis oriented superconduct-
ing MgB2 films. With a Drude plasma frequency of
ωp,D = 13 600 ± 100 cm
−1, λtr = 0.13 ± 0.02 is deter-
mined from DC resistivity data. The small measured
λtr value poses a serious problem to the strong electron-
phonon coupling picture. Other theoretical models need
to be explored to account both for the complex behavior
of the superconducting gap and possible different pairing
mechanism in MgB2.
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